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SUMMARY

An investigation was conducted in the Langley 30~ by 60-Foot Tunnel to study the
low-speed, high-angle-of-attack stability and control characteristics of a fighter
configuration incorporating a cranked arrow wing. The study was conducted as part of
a NASA/General Dynamics cooperative research program to investigate the application
of advanced wing designs to combat aircraft. Tests were conducted on a baseline
configuration and on several modified configurations. The modifications included a
wing apex notch, a wing trailing-edge extension, and wing fences. The results of the
investigation showed that the baseline configuration exhibited a high level of maxi-
mum lift but displayed undesirable longitudinal and lateral-~directional stability
characteristics at high angles of attack. Various modifications were made which
improved the longitudinal and lateral-directional stability characteristics of the
configuration at high angles of attack. However, most of the modifications were
detrimental to maximum lift.

INTRODUCTION

A cooperative research program between the NASA Langley Research Center and
General Dynamics to investigate the application of advanced wing designs to combat
aircraft was recently completed (ref. 1). From the results of this effort, General
Dynamics is developing an advanced F-16 derivative, the F-16XL, which incorporates a
highly swept cranked arrow wing. As part of this cooperative program, exploratory
low-speed, high-angle-of-attack static stability and control tests were conducted in
the Langley 30- by 60-Foot Tunnel on a cranked-arrow-wing fighter configuration to
identify problem areas and define modifications for improved stability and control
characteristics. Many of the modifications investigated in the subject study were
first developed in the 1960's for use on supersonic transport designs (ref. 2).

Some of the basic low-speed stability problems of highly swept arrow wings
include (1) pitch-up characteristics at moderate to high angles of attack brought
on by vortex breakdown over the wing (refs. 2 and 3) and (2) lateral-directional
instability near maximum lift caused by asymmetric vortex breakdown under sideslip.
Modifications to the basic wing which are aimed at eliminating or minimizing these
problems generally destroy vortex 1lift and significantly reduce the low-speed maximum
1ift coefficient of the wing (refs. 4, 5, and 6). Also, such modifications can have
a detrimental impact on supersonic aerodynamic performance and would be unacceptable,
Thus, the challenge in low-speed, high-angle-of-attack research is to provide altera-
tions to the basic arrow-wing design to give acceptable low-speed stability and
control characteristics by using several options, which have to be evaluated
supersonically.

The present investigation was conducted using a 0.15-scale modified F-16A model
to represent an early F-16XL configuration. The model used the fuselage and horizon-
tal tail of the F-~16A and incorporated a highly swept cranked-arrow-wing design
(ref. 1), The basic configuration was tested with modified leading and trailing
edges and with fences on the upper surface. All the configurations were static force
tested over wide ranges of angle of attack and angle of sideslip at a free-stream



velocity of 75 ft/sec, which cotresponds to a Reynolds number of 2.15 X 106. A
limited number of flow-visualization tests were made to provide information for
interpreting the force-~test results,

SYMBOLS

Static longitudinal forces and moments are referred to the wind-axis system, and
static lateral-directional forces and moments are referred to the body-axis system.
All force-test data are referred to a moment reference center located longitudinally
at 45 percent of the wing mean aerodynamic chord. All measurements were reduced to
standard coefficient form on the basis of the geometric characteristics of the wing.

b wing span, ft

c mean aerodynamic chord, ft

Cp drag coefficient, Fp/q,S

Cy, lift coefficient, F;/q,S

C. rolling—moment coefficient, Mx/qub
Cn pitching-moment coefficient, My/q,Sc
Ch vawing-moment coefficient, MZ/qub
CY side-force coefficient, ﬁY/qu

Fy drag force, 1lb

Fi, lift force, 1lb

Fy side force, 1lb

Iy moment of inertia about X body axis, slug—ft2
I, moment of inertia about Z body axis, slug—ft2
Mx rolling moment, ft-1lb

My pitching moment, f£t-1b

M, yawing moment, ft-1b

d, free-stream dynamic pressure, 1b/ft2
S wing area, fe2

X,Y,Z2 body reference axes

o angle of attagk, deg

B angle of sideslip, deg



Derivatives:
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MODEL

The wind-tunnel model consisted of a 0.15-scale modified F-16A fuselage, which
has a flow through duct, and a cranked-arrow-wing planform. A three-view sketch of
the basic confiquration is presented in fiqure 1. The geometric characteristics of
the test model are listed in table I. Sketches showing a wing leading-edge apex
modification, a wing trailing-edge modification, and a wing fence modification are
shown in figure 2. The force-test model, constructed primarily of molded fiberglass
and wood, was a 0O.15-scale model of the proposed full-scale airplane. The wings were
constructed without control surfaces.

TUNNEL AND APPARATUS

The tests were conducted in the Langley 30- by 60-Foot Tunnel. The model support
system used in the force tests is shown in figure 3. As reported in reference 3,
certain model support systems can cause large flow interference problems when used to
test configurations which produce strong vortex flows at high angles of attack. The
model support system shown in figure 3 was designed to minimize these interference
problems. The data were measured at a free-stream velocity of 75 ft/sec, which cor-
responds to a Reynolds number of 2.15 X 10% based on the mean aerodynamic chord of
the wing. The force-test setup used a strut-mounted system and incorporated a six-
component internally mounted strain-gage balance. The model engine inlet and exit
were open for all tests.

TESTS

Static-force tests were conducted over an angle-of-attack range from -4° to 41°
at sideslip angles from -13.5° to 10.5°. Tests were also conducted to study the

effects of the wing leading- and trailing-edge modifications and wing fences
described earlier.

In addition to the static tests, a limited number of smoke flow tests were made
to help identify flow behavior over the wing. The smoke flow tests were used to
document vortex flow behavior and to establish a relationship between vortex flow
breakdown as a function of angle of attack and angle of sideslip for use in inter-~
preting the static-force test data.



RESULTS AND DISCUSSION
Baseline Configuration

Longitudinal aerodynamic characteristics.-~ The longitudinal characteristics of
the baseline configuration with and without the vertical tail are presented in fig-
ure 4. The data show that the configuration exhibited a high level of 1lift, achieved
maximum lift near an angle of attack of 36°, and exhibited a high level of longitudi-
nal instability or pitch-up at angles of attack above about 10°, As expected, the
data show that removing the vertical tail had relatively little effect on the longi-
tudinal aerodynamic characteristics. The severe pitch-up tendency is characteristic
of highly swept wings at low speeds and is well documented in earlier publications
{(for example, refs. 2 and 3). The pitch-up instability is mainly associated with the
formation of highly concentrated vortex flow emanating from the wing apex at moderate
to high angles of attack. The vortex core tends to 1lift off the surface of the aft
portion of the wing while remaining close to the surface of the forward portion. The
loss in vortex-induced lift over the aft portion of the wing tends to shift the aero-
dynamic center forward to produce the pitch instability. At the higher angles of
attack, the problem is further aggravated by vortex breakdown, which starts at the
rear of the wing and moves forward with increasing angle of attack. Figure 5 pre-
sents photographs of smoke flow studies on the baseline configuration at high angles
of attack. The photographs show that vortex breakdown started at the wing trailing
edge near «a = 25° and progressed forward with increasing angle of attack until it
reached the wing apex near o = 35°, The photographs also show that sideslipping the
model increased the angle of attack for vortex breakdown on the leeward wing and
reduced the angle of attack for vortex breakdown on the windward wing.

Lateral-directional stability characteristics.- The variation of the static
lateral-directional force and moment coefficients with angle of sideslip for the
baseline configuration is presented for wvarious values of angle of attack in fig-
ure 6. The data show that the variations of C, and C, with sideslip were fairly
linear at angles of attack below 31° and extremely nonlinear at angles of attack
of 31° and 36°. The data of figures 7 and 8 show that the vertical tail was ineffec-
tive by o = 31° and actually produced highly destabilizing yawing-moment and
rolling-moment increments at o = 41°. The data of figures 6 and 7 are summarized in
figure 8 in terms of the lateral-directional stability derivatives CY v Cpov and

CIB. The derivatives were obtained from the coefficient data by the slope method
using the data points f = 4.5° and B = -5.5°. The results show that the model
with the vertical tail removed was directionally unstable throughout the a range
with the instability increasing sharply above a = 30°. The dihedral effect (-—C1 >

was stable up to a = 30° but showed an abrupt destabilizing break near « = 32°.
The addition of the vertical tail produced directional stability for angles of attack
up to about 27°. BAbove a = 21°, the increment in directional stability provided by
the vertical tail decreased rapidly, and the model became directionally unstable
above a = 27°. The destabilizing effect of the vertical tail above « = 31° indi-
cates that the tail was in an adverse sidewash field. The vertical tail increased
the stable dihedral effect at low and moderate angles of attack but became laterally
destabilizing at higher angles of attack. This destabilizing effect resulted in the
baseline configquration exhibiting lateral instability in the angle-of-attack range
from 33° to 40°.



The lateral instability at high angles of attack is attributed mainly to the
asymmetrical breakdown of the wing leading-edge vortices under sideslip. The effect
of sideslip angle on vortex breakdown, shown in the photographs of figure 5, is dis-
cussed in more detail in reference 2. Other investigations {(see refs. 3 and 4) have
documented the predominant effect of the asymmetric vortex breakdown on rolling-
moment characteristics at high angles of attack for confiqurations with highly swept
wings. This loss in lateral stability combined with the highly unstable directional-
stability characteristics made the configuration highly susceptible to yaw diver-

gence, as shown by the C data presented in figure 9. Negative values of
nB,dyn
CnB 4 indicate susceptibility to directional divergence, as described in refer-
ayn
ence 5. The baseline configuration is seen to have unstable or negative values of
n above q = 32°, These negative values of cn are caused by the
B ,dyn B,dyn

unstable values of Cn and neutral or unstable values of C1 . To correct this

lateral-directional stability problem and the severe pitch-up discussed earlier, a
number of configuration modifications were studied, and the results are discussed in
the subsequent section.

Modified Configurations

Longitudinal aerodynamic characteristics.- In an attempt to alleviate the pitch
and lateral-directional instabilities discussed above, the vertical tail was removed
from the baseline configuration, and various alterations were made in order to
develop a modified configuration. The modifications included a wing apex notch, a
wing trailing-edge extension, and wing fences (fig. 2). Because the instabilities
were a direct result of the wing leading-edge vortex f£low characteristics, each modi-
fication was designed to favorably alter these characteristics.

Presented in figure 10 are the results of tests to study the effect of the wing
apex notch modification on the longitudinal aerodynamic characteristics of the con-
figuration. This modification, shown in figure 2(a), produced a large stabilizing
effect and significantly reduced the instability above a = 11°., The modification
caused some reduction in 1lift coefficient above a = 15°., This reduction in 1lift
coefficient was apparently a result of the apex notch, which weakened the wing
leading-edge vortex.

Another modification made specifically to minimize pitch instability was the
wing trailing-edge extension. (See fig. 2(b).) The data of figure 11 show that the
trailing-edge extension was effective in reducing the pitch instability and, as
expected, increased the maximum 1lift because of the increased wing area. Presented
in figure 12 are data obtained from tests to determine the effectiveness of the com~-
bination of apex notch and wing trailing-edge extension on the longitudinal aerody-
namic characteristics. The data of figure 12 show that the combined effects of apex
notch and wing trailing-edge extension produced a very favorable effect on pitching
moment and maximum lift. The maximum unstable pitching-moment coefficient was

reduced from about 0.10 to 0.023, and the maximum lift coefficient was increased from
1.55 to 1.65.

Another modification studied was the addition of wing fences. (See fig. 2(c).)
This modification was aimed primarily at improving the lateral stability at high



angles of attack by forcing the vortices on the right and left wings to break down
more symmetrically and thereby minimize the adverse effect of asymmetrical vortex
breakdown on lateral stability. The results of adding the wing fences on longitudi-
nal characteristics are presented in figure 13 and show that wing fences reduced the
level of pitch instability above « = 25° but were very detrimental to vortex lift,
as indicated by the reduction in the lift-curve slope and loss of maximum lift,

The results of tests to study the combined effects of the wing apex notch, wing
trailing-edge extension, and wing fences on the longitudinal aerodynamic¢ characteris-
tics are summarized in figure 14. The data show that the combined modifications
greatly reduced the pitch instability, although the configuration still showed a mild
pitch-up near a = 11°. The modification also reduced the lift coefficient above
o = 16°, Comparing figure 14 with figure 15 shows that the addition of the vertical
tail had little effect on these results.

Lateral-directional stability characteristics.- Presented in figure 16 are the
lateral-directional stability characteristics of the baseline configuration compared
with those of the modified configuration with the apex notch. The data show some
slight detrimental effects of the notch on the directional stability characteristics.
However, the notch appeared to provide some improvement in lateral stability near
a = 36°. The effect of the wing trailing-edge extension on the lateral-directional
stability characteristics is shown in the data of figure 17. The data show very
little effect of trailing-edge extension on the directional stability characteris-
tics but a detrimental effect on lateral stability above a = 31°. In fact, the
beneficial effect of the apex notch at a = 36° was offset by the detrimental effect
of the trailing-edge extension. It should be remembered, however, that the apex
notch and trailing-edge extension modifications were aimed primarily at reducing the
pitch-up characteristics of the model and that their influence on lateral-directional
stability characteristics was of secondary interest. As shown in figure 18, the
lateral-directional stability characteristics of the configuration with the combina-
tion of the apex notch and trailing-edge extension were somewhat inferior to those of
the baseline configuration.

Presented in figure 19 are the results of tests to determine the incremental
effect on lateral-directional stability of adding the wing fences. As noted in the
earlier discussion of the longitudinal characteristics, the fences were conceived as
devices for deliberately forcing vortex breakdown in a more symmetrical fashion,
particularly under sideslip conditions, and for alleviating the lateral instability
exhibited by the baseline configuration in the region of maximum lift. Although they
were detrimental to vortex 1lift, the fences accomplished their primary purpose and
eliminated the lateral instability near o = 36°. Figure 20 compares the lateral-
directional stability characteristics of the baseline configuration with those of the
configuration incorporating all three modifications. The data show that the combina-
tion of modifications was generally detrimental to directional stability throughout
the angle-of-attack range and reduced the lateral stability below a = 33° while
improving it at higher angles of attack. ‘

Presented in figure 21 are the lateral-directional stability characteristics of
the baseline and modified configurations with the vertical tail on. The combination
of modifications reduced the directional stability at low angles of attack and
resulted in the model becoming directionally unstable near a« = 24°. Above a = 31°,
the modifications improved directional stability compared with the baseline configu-
ration. The modifications were unfavorable to lateral stability below a = 31° but
produced favorable effects at higher angles of attack. The overall impact of the



modifications at high angles of attack can be summarized by using the Cn
B,dyn
parameter. The Cn data for the baseline and modified configurations are pre-
B,dyn
sented in figure 22. The data show that the modifications reduced the magnitude of
n at moderate angles of attack; however, the modifications extended the angle-
B,dyn

of-attack range for stable values of C up to 36°.
nBrdYn

CONCLUDING REMARKS

The results of a low-speed, exploratory wind-tunnel study of a cranked-arrow-
wing fighter configuration can be summarized as follows:

1. The baseline confiquration exhibited a high level of maximum 1lift but dis-
played unstable longitudinal and lateral-directional stability characteristics at
moderate to high angles of attack. These characteristics were dominated by the
strong vortex flows generated by the highly swept wing at these conditions.

2. The combination of wing apex notch, wing trailing-edge extension, and wing
fences improved the longitudinal and lateral-directional stability characteristics of
the baseline configuration at high angles of attack but were detrimental to maximum
lift coefficient.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

April 20, 1984
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TABLE I.- GEOMETRIC CHARACTERISTICS OF BASELINE MODEL

Fuselage:

Length' ft B 6300000000 000600000000 0000000000000 C000000808069 0088088080080 000008000 7.34

Wing:
Area r ft2 L L LB B B B BN BN IR B B AR BN IR B LB IR BRI A BN IR N B BT BE N R BN I BN B BE IR LB BY B B IR BN BN BRI R AN BN B BE BB B BRI O R B B AR I 1 3 - 5
span' ft S & 5 500008005000 RD0 SO0 00O ESO OO0 PS SO SO 000NN DEEINSOSeseNNSESeSECEDS 4 ® 86

ASpeCt ratio 90 0 000 820000880 PCSENISLCEPOECPOPPNEEOPIP0LPLLE0PNLOEOOSIISEOINISEOSOEIDRES 1-75

Taper ratio 6000009006000 00080088 8000000006000 000606000¢C068000806000600600e8800060060000s 0010

Leading-edge sweep:

Inboard, A@QJ ecoecssocsesscccsosconssscssssnssssscasssssosesssassscessscasssessas 70
Outboard, deg ceceesesesccesscscesssissosscscssacossssesesonsssncasssscsoscssas 50
Trailing—-edge sweep, deg seeoscssscccossscsscccsossssoossscsssescsscnssasscnssesns 1845
Dihedral, deg cecsceccccescscososescsscscsossssssssssossoscscssocsssscsesssanss 0
Incidence, dEg seceeecceessscssccosssscsscssscscscsoscsscsscoscsnssosesassssssssns 0

Mean aerodynamic ChoOrd, £t eeeceeecscesscscscosscsscsessccecosscsscsscccscssccsassse 3071
TWiSt, GO eeesseosossssessesssssssesosssessoscsssesscsosssscssssesscscscssssnes 0
Ai¥YfOil seeeescccossscscoscccsscscsssacscanscsscsssssosnsssssossossscesssces NACA 64A003.2
ROOt ChOYA, FL cececscesssccecsssecscsscscsscscssscsssssscsossscsosnsssssssassssssse 093

Tip Chord, ft o.oo000000.000.0.c.oc00.0000o000totocoootooooooboooooo..co;oo.. 0.58

Vertical tail:

Area, ft 2000000006320 080680080080060006086006008 0008060000600 0600800000806060800000800068se6se0 0055
Span' ft 50600600800 06085 0000800080000 000¢00008 0090003000600 0606809060200 008000006000000000S8 0.85

ASpeCt ratio 9500600006000 3000600000 80000080000000000000 0600606006000 0608600008000s0se0es 1.30

Taper YAtiO ecseeosscscvsoccosvesssvsossosscssssssocnrssccsssssssscccssasssescssses 030
Leading-edge Sweep, de0F sceseescosssvossscecssssosssssssssssscoscsssosssasnssossse 37
Trailing—~edge SWeep, €0 eeecccssccsccscssssssssssssesscossscsssssosssssnsssss 0
Airfoil: '

ROOL sessceccacsoocsssscssscsccoscosssscscosssssossscsosscsscssosns 6 percent biconvex

Tip LR N N N R N N RN RN ERE NN RENNFERNENENR RN NN XEN] 3.5 percent biconvex
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(a) Wing leading-edge apex notch.

Figure 2.~ Modifications to baseline configuration.

Dimensions are given in feet.
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(b) Wing trailing-edge extension.

Figure 2.- Continued.
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(c) Wing fences.

Figure 2.- Concluded.
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Fiqure 3.- Model support system
for static-force test.
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Figure 20.- Ef fect of combination of wing apex notch, wing
trailing-edge extension, and wing fences on lateral-
directional stability characteristics of baseline con-
figuration. Vertical tail off.
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Figure 21.- Effect of combination of wing apex notch, wing
trailing~edge extension, and wing fences on lateral-
directional stability characteristics of baseline con-
figuration. -Vertical tail on.
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